OBJECTIVES: Unilateral pulmonary oedema (UPE) is a rare but potentially life-threatening complication that has been described after minimally invasive mitral valve surgery (MICS). Over the last 8 years, we have witnessed, in our institution, several cases of severe UPE requiring immediate postoperative extracorporeal life support after MICS. Reviewing the available literature, data regarding this complication after MICS are rare. Consequently, we decided to retrospectively analyse patients scheduled for MICS in our institution.
INTRODUCTION
Nowadays, isolated mitral valve surgical procedures are increasingly performed using a minimally invasive approach, i.e. minimally invasive mitral valve surgery (MICS) [1, 2] . The primary goal is to produce an anatomical correct modification, i.e. the reconstruction of the mitral valve [3] . Centres with high expertise are able to reconstruct the mitral valve pathology in more than 80% of cases with excellent results [4] . Today, more than 60% of heart surgery departments in Germany perform MICS with excellent results regarding the amount of reconstructed mitral valves and with respect to hospital mortality rate [5] . The overall reported hospital mortality rate for mitral valve procedures (conventional surgery, MICS, transcatheter approach and replacement or reconstruction of the valve) is 4.2% [6] . MICS compared with the conventional method shows equivalent low risks of mortality and stroke, despite longer cardiopulmonary bypass (CPB) time and aortic cross-clamp time [1] . In this context, Funkat et al. [5] were able to show a hospital mortality rate of 1.2% in 2548 patients scheduled for MICS. However, rare but potentially life-threatening complications have †The first two authors contributed equally to this study.
been reported with regard to this procedure, such as a severe unilateral right-sided pulmonary oedema (UPE) [7, 8] . UPE may occur after re-expansion of a collapsed lung due to drainage of a pneumothorax or a pleural effusion [9] . The mechanism behind this pathology is thought to be linked to the injury of the pulmonary vessels leading to higher permeability with consecutive pulmonary oedema [10] . Over the last 8 years, we have witnessed 5 cases of UPE with cardiopulmonary instability after MICS in our institution, requiring immediate postoperative extracorporeal life support (ECLS). Reviewing the available literature, convincing data regarding the genesis of this complication after MICS is still missing, and the available literature provides a blurred picture of the potential pathomechanisms [7, 8, 11] . The aim of our study was to determine possible risk factors for the development of UPE. Consequently, we reviewed the collected data of the patients scheduled for MICS in our institution for clinical and radiographical evidence of UPE within the first 24 h postoperatively.
MATERIALS AND METHODS
The study complies with the Declaration of Helsinki and was conducted in accordance with the Guidelines for Good Clinical Practice and approved by our institutional ethics committee (Ethikkommission UKSH Kiel-AZ D594/15, Christian-AlbrechtsUniversity Kiel, Schwanenweg 20, 24105 Kiel, Germany) and registered at https://clinicaltrials.gov (NCT02655094). In our institution, MICS was performed since 2008. Therefore, we analysed the data of all adult patients scheduled for MICS (n = 256) between 2008 and 2015. The clinical data of the patients were collected by a single reviewer (U.L.) from the patient records and additionally from the electronical hospital data collecting system (ORBIS, Medlinq and QIMS) and retrieved retrospectively.
Primary and secondary end-points
Primary end-point was defined as a newly developed UPE, radiographically evident (more than 20% opacification of the right hemithorax-and no direct or indirect signs for atelectasis or other infiltrates within the first 24 h postoperatively). Chest X-ray is the traditional first-line procedure to assess pulmonary congestion. Chest radiographs were analysed by an independent consultant of radiology. Secondary end-points were defined as length of stay in the intensive care unit (ICU), length of stay in the hospital and the in-hospital mortality.
Anaesthetic management
Each patient scheduled for MICS has been prepared for general anaesthesia. Basic haemodynamic monitoring has been established, followed by the insertion of a radial artery line under local anaesthesia for continuous blood pressure monitoring. General anaesthesia was induced with propofol (1-1.5 mg/kg) and sufentanil (0.5 mg/kg) and rocuronium (0.5-0.6 mg/kg). Maintenance of anaesthesia was achieved by continuous infusion of propofol (3-5 mg/kg/h) and remifentanil (0.3 mg/kg/min). Airway management was performed using a double-lumen tube (37-41 Fr, Mallinckrodt TM ; Covidien, Mansfield, MA, USA). Patients were ventilated in a pressure-controlled mode with a tidal volume of 8-10 ml/kg, a positive end-expiratory pressure of 5-8 cm H 2 O and an inspiratory (I):expiratory (E) ratio of 1:1.5. Respiratory rate was adjusted to achieve normocapnia (partial pressure of carbon dioxide 35-40 mmHg). A central venous line was placed into the left internal jugular vein, and a transjugular cannula (15 Fr, Medtronic, Inc., Minneapolis, MN, USA) was placed in the right jugular vein for additional venous drainage via superior vena cava from the upper body to the heart-lung machine. All patients were additionally monitored with transoesophageal echocardiography during the surgical procedure. Only one-third of the patients have been monitored by pulmonary artery catheter in the operating room. Directly after the beginning of the right lateral minithoracotomy, one-lung ventilation was started to achieve collapse of the right lung with a tidal volume of 6 ml/kg. For the collapsed lung, a continuous positive airway pressure system was used for the administration of oxygen and application of positive end-expiratory pressure (Mallinckrodt TM ; Covidien, Mansfield, MA, USA). During CPB, one-lung ventilation was interrupted and restarted before declamping of the aorta. During reperfusion, one-lung ventilation was continued. Prior to weaning from CPB, ventilation of both lungs were initiated. The intravenous fluid management before initiation of CPB was not algorithm based but aimed to be restricted to less than 1000 ml of crystalloids. CPB priming volume ranged between 1000 ml and 1500 ml (crystalloids and 200 ml of mannitol). At the end of surgery, the double-lumen tube was changed to a singlelumen tube, and the transjugular cannula has been removed and the patients were transferred to the ICU under continuous sedation.
CARDIOPULMONARY BYPASS AND SURGICAL PROCEDURE
In the operating room, the procedure takes place in the supine position with a right-lifted thorax. After a team-timeout (see WHO checklist), extracorporeal circulation was prepared and finally established using an open femoral artery and venous access. MICS was then performed using the right lateral minithoracotomy. In principle, the surgical approach used in our department is based on the Port-Access technique [12] . In brief, this access consists of retrograde arterial femoral perfusion, a long femoral venous drainage, positioned under the guidance of transoesophageal echocardiography in the right atrium, a transjugular venous drainage, positioned in the superior vena cava and a retrograde cardioplegia via a coronary sinus catheter. Carbon dioxide was continuously insufflated via a right pleural drainage to minimize the risk of air embolism. Body temperature during the main surgical procedure was targeted to moderate hypothermia (28-32 C). The surgical technique is described in detail elsewhere [13] .
With respect to the surgical technique, we would like to point out the specific access path to the Sondergaard's groove that is a basic prerequisite of MICS. This technique requires a number of pericardial tracking sutures on the right lower aspect of the pericardium, above the inferior vena cava. Additional pericardial sutures are needed at the level of the right pulmonary veins, the superior vena cava and the upper aspect of the pericardium. Sometimes supplemental sutures must be placed to improve exposure. The atriotomy usually requires partial detachment and retraction of the right atrium from the left atrium, followed by the incision between the right inferior pulmonary vein's take-off and the interatrial groove. The described inevitable surgical manipulations bear potential risk: inadvertent injury of the posterior wall of the left atrium and/or of the right pulmonary veins, possibly provoking compression or stenosis of the pulmonary veins. Due to certain anatomical circumstances such as small left atrium and/or short pulmonary veins, the risk of such injuries might be increased [14] .
Mitral valve reconstruction was performed in 74.2%, and mitral valve replacement was needed in 25.8% of the patients. Additional closure of the previously unknown patent foramen ovale was performed in 7.8%.
Statistical methods
Collected data were analysed with IBM SPSS Statistics for Windows (version 22.0.0.2). For variables on continuous scales, the assumption of normal distribution was checked, the mean and standard deviation was reported. Observed frequencies and percentages were computed for categorical variables. For the inferential analyses of continuous data, we used Student's 2-sample t-test. Observed frequencies for patients with or without UPE were analysed with the Fisher's exact test for 2Â2 tables. To examine the possible differences between these 2 groups, we have chosen the forward selection method as the logistic regression analysis. It is a stepwise selection method with entry testing based on the significance of the score statistic and removal testing based on the probability of the Wald statistic. Odds ratios (ORs) with 95% confidence intervals (CIs) were reported for the variables included in the model. The predictive value of the logistic model was estimated by the Hosmer-Lemeshow v 2 test. All tests were 2 sided, with a significance level of < _0.05. Based on this method, 4 significant predictors remain: body mass index, mean pulmonary artery pressure, preoperative C-reactive protein (CRP) and CPB time. Receiver operating characteristic analysis using the Youden's method was performed to calculate the threshold value of preoperative CRP, helping to predict the risk of developing an UPE with the highest sensitivity and specificity.
RESULTS

Baseline and perioperative patient characteristics
The main patient characteristics are presented in Table 1 . From the 256 patients analysed, 51 (19.9%) patients showed increased right-sided pulmonary vascular congestion in the 1st postoperative chest radiography performed right after admission to the ICU.
Five (1.95%) patients required immediate ECLS after admission to the ICU due to the extreme impairment of general oxygenation with cardiopulmonary instability. Exemplary chest radiographies are shown in Fig. 1 (increased right-sided pulmonary vascular congestion) and Fig. 2 (fulminant UPE) . Analyses of the demographics, the American Society of Anesthesiologists (ASA) classification, medical history or systematic medication revealed certain significant differences between the groups (Table 1) medication, significantly more patients in the UPE group were on beta-blockade (UPE vs non-UPE 70.6 vs 51%; P = 0.018) and on antiarrhythmic drugs (UPE vs non-UPE 13.7 vs 2.0%; P = 0.001). Intraoperatively, the UPE group had significantly longer CPB times [UPE vs non-UPE 213 (49) vs 196 (43) min; P = 0.013] and a higher use of enoximone medication (UPE vs non-UPE 68.6 vs 51.2%; P = 0.028; Table 2 ) and inhaled iloprost (UPE, 5.9% vs non-UPE, 1.4%, P = 0.050).
Postoperatively (Table 2) .
With regard to hospital mortality no significant difference has been found (UPE, 3.9% vs non-UPE, 2.0%, P = 0.343; Table 2 ). The history of the 5 patients who needed ECLS support due to severe UPE after MICS is presented in Supplementary Material, Table S1 .
Logistic regression analysis
Logistic regression analysis (Table 3) identified 2 independent variables significantly associated with the development of UPE: a preoperative CRP value of >0.4265 mg/dl preoperatively (OR 2.583, 95% CI 1.275-5.233; P = 0.008), a higher body mass index (OR 1.091, 95% CI 1.001-1.190; P = 0.047) and a prolonged CPB time (OR 1.009, 95% CI 1.002-1.016; P = 0.014). Furthermore, our analysis suggest that the presence of pulmonary hypertension (OR 0.287, 95% CI 0.095-0.870; P = 0.027) might serve as a protective factor regarding the genesis of UPE. The goodness of fit based on the Hosmer-Lemeshow v 2 test showed a good model fit (especially for the predictors) with P = 0.15, v 2 = 12.02 and df = 8.
DISCUSSION
The main finding of our single-centre retrospective analysis of patients suffering from radiographical and clinical evident UPE after MICS is that the incidence of this complication is higher than anticipated. We identified the preoperative increase in CRP as an independent risk factor for the development of an UPE after MICS. The presence of pulmonary hypertension might serve as a protective factor. UPE may occur after re-expansion of a collapsed lung due to drainage of a pneumothorax or a pleural effusion [9] . The magnitude of re-expansion oedema ranges from clinically asymptomatic, a solely radiographic finding, to acute respiratory failure with consecutive severe life-threatening hypoxaemia [9, 15] . The aetiology of re-expansion oedema is mostly linked to patients with a persistently collapsed lung due to pneumothorax, pleural effusion or extrinsic compression by an intrathoracic mass. Often the re-expansion of the lung is supported by chronic, subacute, large pathologies in patients aged 40 years or younger in combination with the application of a negative pressure to the affected pleural space whereby the UPE can be boosted [16] . Furthermore, few data indicate that UPE can possibly occur even after one-lung ventilation for video-assisted thoracoscopic surgery, albeit with a low incidence of 0.15% and with treatment of spontaneous pneumothorax [17] . Therefore, the reported incidence of 19.9% of our patient population suffering from UPE after MICS cannot be explained solely by re-expansion oedema after one-lung ventilation. This assumption is confirmed by the studies of Keyl et al. [7] (UPE 12.9%, respectively, 4.0% after dexamethasone treatment) and Tutschka et al. [8] (UPE 25%). Due to a relevant number of patients demonstrating postoperative UPE, the Keyl group hypothesized that a generalized systemic inflammatory response, aggravated by CPB might serve as one possible causative mechanism. Regarding preoperative patient characteristics, the authors found a significantly higher proportion of patients suffering from UPE with a CRP > _5 mg/dl. These findings, supporting the hypothesis of a systemic inflammatory predisposition, are in good agreement with our data. Our group analysed a marginal threshold value of preoperative CRP >0.4265 mg/dl as an independent risk factor in the pathogenesis of UPE after MICS. Consequently, Keyl et al. changed their management in terms of preoperative administration of dexamethasone (1 mg/ kg) and were able to reduce the incidence of UPE in the dexamethasone cohort from 12.9% to 4.0%. The authors identified 3 independent risk factors associated with the development of UPE: history of diabetes mellitus (OR 3.17), administration of fresh frozen plasma (OR 2.31) and history of pulmonary hypertension (OR 1.05). The only factor inversely related to the development of UPE was the administration of dexamethasone (OR 0.28). The literature regarding the alleviative effects of corticoids in connection with CPB have been highly inconsistent over the years. The recently published Steroids In caRdiac Surgery trial (SIRS trial) showed no differences in mortality and major morbidity due to administration of methylprednisolone for patients scheduled for CPB; consequently, the authors concluded that the routine use could not be supported by data [18] . Same findings have been published in 2012 as part of a multicentre, randomized, double-blind, placebo-controlled trial of 4494 patients undergoing cardiac surgery [19] .
In contrast to the Keyl et al. data, demonstrating pulmonary hypertension as an independent risk factor for UPE, our analysis revealed evidence that pulmonary hypertension is inversely related to the occurrence of UPE (OR 0.28). This finding is not self-explanatory and needs to be discussed. Pulmonary vascular remodelling is the main characteristic of all different forms of pulmonary hypertension. Chronic stress due to elevated pressure in the pulmonary vasculature is followed inevitably by a dysfunction of the lung endothelium. Subsequently, promoting vasoconstriction leads to hypertrophy of the smooth muscle cells of the lung resistance vessels. Consequently, the vessel wall becomes thickened, followed by a decrease in the vascular lumen, a reduced capacity for vasodilation, and as a final pathway, the development of pulmonary hypertension [20] . However, this pathomechanism is associated with some protective factors, namely a decrease in vascular permeability coupled with an increase in alveolar fluid absorption, thus rendering protection from hydrostatic pulmonary oedema. However, these patients are of potential risk for the occurrence of pulmonary oedema after the administration of vasodilators [21] [22] [23] . We cannot comment on the proportion of patients with pre-capillary or postcapillary pulmonary hypertension, because we did not use a pulmonary artery catheter intraoperatively as for routine monitoring. We observed a significantly higher proportion of patients with UPE that needed vasodilators such as enoximone and/or inhaled iloprost for weaning from CPB.
The study from Tutschka et al. [8] revealed an incidence of 25% for UPE after MICS. In contrast to our data and the data from Keyl et al. [7] , the authors found significantly more patients in the UPE-group with the presence of moderate or severe right ventricular dysfunction and a prolonged cross-clamp time. With respect to independent risk factors associated with the development of UPE, they identified 3 aspects: history of chronic obstructive pulmonary disease, moderate-or-severe right ventricular dysfunction and prolonged bypass time. The positive correlation between the magnitude of cytokine response and the duration of CPB is well known [24, 25] ; consequently, all patients with a prolonged bypass time are of high risk of a relevant systemic inflammatory response. In our study, the ECLS subgroup of 5 patients suffering from severe UPE after MICS showed considerably longer CPB times compared with the UPE groups of Keyl et al. This might be another aspect in combination with the proinflammation response promoting the development of UPE in this patient population. In the Tutschka et al. study, patients suffering from UPE more often presented with chronic obstructive pulmonary disease, a pulmonary disease that is, in general, associated with an inflammatory condition per se [26] .
Summarizing the rare available studies and reports on UPE after MICS, there is one finding that definitely promotes the development of UPE: high predisposition to systemic inflammatory response due to different reasons. However, this is not a new finding and not the only explanation of the right-sided pulmonary oedema. Although there are limited data, we would like to discuss another important issue in the light of UPE after MICS. The aspect of temporary right pulmonary vein occlusion/stenosis due to the specific surgical access (e.g. pericardial tracking sutures and positioning of retractors) associated with an elevated pulmonary venous pressure. Due to certain anatomical circumstances such as small left atrium and/or short pulmonary veins, the risk of pulmonary vein stenosis might be increased [14] . Theoretically, a right-sided pulmonary vein stenosis causes increased back pressure proximal to the stenosis. Hydrostatic pressure on the right side is elevated, secondary to pulmonary venous hypertension and right-sided pulmonary oedema develops due to Starling's forces [27, 28] . In combination with a predisposition toward a general systemic inflammatory response, this might account for the high incidence of UPE, from clinically unapparent to severe, acute pulmonary oedema.
Limitations
As a retrospective cohort analysis, some limitations of our study have to be addressed. The level of evidence that can be drawn from of our results is inferior compared to the prospective studies. Causative factors could not be determined but only association was determined. Since the outcome is rare, larger sample sizes are needed to strengthen the conclusion. The sample size for prospective studies is calculated using a logistic regression (significance level a = 0.05, 2 sided) with a power 1 -b = 80%. For our patient population, the OR was set to 2.6 with an event rate probability (Y = 1jX = 1) = 0.2. This was done because 51 of 256 (20%) patients had an UPE and the OR of CRP >0.4265 mg/dl preoperatively was 2.6 in the logistic regression with the forward selection method. When assuming R 2 other X as 0.9, a total sample size of n = 505 is needed to investigate UPE, a rare disease, in the future. Moreover, we could not exclude the possibility that right-sided pulmonary oedema in our patient population occurred due to a different reason, e.g. aspiration pneumonitis or pulmonary contusion during the surgical procedure. However, beyond these limitations, our data provides more information on this rare and potentially life-threatening complication after MICS. Additionally, we present the never-before discussed hypothesis of an iatrogenic temporary right-sided pulmonary vein stenosis that promotes pulmonary congestion on the basis of a systemic inflammatory response predisposition, which has to be proven in the future.
CONCLUSION
In accordance with the rare available literature regarding the phenomenon of UPE after MICS, our analysis have led us to hypothesize the possibility of an inflammatory disposition for UPE.
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